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Abstract
We study the dynamical Schwinger effect in the vacuum excitation of the
electron-positron plasma under action of a ”laser pulse” of the simplest con-
figuration: a linearly polarized, time-dependent and spatially homogeneous
electric field. Methodical basis of this investigation is the kinetic equation
which is an exact consequence of the basic equations of motion of QED in
the considered field model. In the present work we investigate some fea-
tures of the residual electron-positron plasma and the transient process of its
formation.
1 Introduction
At the present time it is well known that the electron-positron plasma (EPP)
excited from vacuum passes through three stages of its evolution: the quasi-
particle stage in the period of the laser pulse action, the transient period of
the EPP transmutation and the final residual EPP (REPP) in the out-state
(particles in this state are on their mass shell). The quasiparticle period of
the EPP evolution was investigated in detail in the work [1]. In the present
work we will study the transient period of the EPP evolution and its final
state, the REPP. As a rule, the density of the quasiparticle EPP is more
larger than that of REPP. However, all three stages give a contribution to
the different observable effects as, e.g., the emission of annihilation photons
from the focal spot of the colliding laser beams [3, 2]. It is rather difficult
to estimate the contributions of the different stages in formation of observ-
able effects. Therefore the detailed investigation of each period of the EPP
evolution is an important problem.
In this work we restrict ourselves to the consideration of the simplest
model for the external (”laser”) field: the linearly polarized, time-dependent
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and spatially homogeneous electric field pulse. It is assumed that such a field
acts in the focal spot of counter-propagating laser beams in the optical or
X-ray ranges.
Our investigations of the dynamical Schwinger effect in such fields are
based on numerical solutions of the kinetic equation (KE) of non-Markovian
type which is a nonperturbative consequence of the basic equations of motion
of QED. This approach allows to investigate the behaviour of the EPP in both
cases, the tunneling and the multiphoton mechanisms of EPP excitation.
2 The kinetic equation in an external
time-dependent field
The KE for the (quasi-)particle distribution function can be derived from
the Dirac equation by a canonical time-dependent Bogoliubov transforma-
tion [4]. This method is valid only in a spatially-uniform time-dependent
field. In the case of a linearly polarized electric field with the vector poten-
tial Aµ(t) = (0, 0, 0, A(t)) (Hamiltonian gauge) we obtain a non-Markovian
integro-differential collisionless KE
f˙(p, t) =
1
2
λ(p, t)
t∫
t0
dt′λ(p, t′)[1− 2f(p, t′)] cos θ(t, t′), (1)
where
λ(p, t) = eE(t)ε⊥/ε
2(p, t), θ(t, t
′
) = 2
∫ t
t‘
dτ ε(p, τ), (2)
with the transversal energy ε⊥ =
√
m2 + p2⊥ and the quasienergy
ε(p, t) =
√
ε2⊥ + (p‖ + A(t))
2. (3)
Here λ is the amplitude of vacuum transitions and θ is a dynamical phase
which describes the vacuum oscillations (Zitterbewegung) with a frequency
of the energy gap 2ε(p, t). The equation contains two characteristic time
scales. The slower scale is external field period and the faster one is given
by the Compton time τC = 2π/m. The KE (1) is equivalent to a system of
ordinary differential equations (ODE’s)
f˙ =
1
2
λu, u˙ = λ (1− 2f)− 2ε v, v˙ = 2εu. (4)
2
The total particle number density is defined by
n(t) = g
∫
d~p
(2π)3
f(~p, t), (5)
where g = 4 is the degeneracy factor due to spin and charge degrees of
freedom. The system of ODE’s describes transitions between the lower and
the upper continuum of the energy spectrum. These processes resemble in-
terband transitions in solid state physics. Moreover, for excitation energies
smaller than the energy gap a virtual state can be created.
We solve the KE (1) numerically for the following field shapes
E(t) = E0 cosh
−2(t/T ), A(t) = TE0 tanh(t/T ), (6)
which is the Eckart field, and [5]
E(t) = E0 cos (ωt+ φ) e
−t2/2τ2 , (7)
A(t) = −
√
π
8
E0τ exp (−σ2/2 + iφ)erf
(
t
√
2τ
− i
σ
√
2
)
+ c.c.,
where σ = ωτ . Equations (6), (7) model standing waves created by the two
counter-propagating laser beams.
3 Transient process and REPP forming
The typical picture of an EPP under the influence of the smooth Eckart field
(6) is presented in Fig. 1. The distribution function (left panel, p⊥ = p‖ = 0)
Figure 1: Distribution function (left panel) and pair density (right panel) for
the Eckart field pulse E(t) = E0 cosh
−2(t/T ), T = 0.02nm.
demonstrates three stages of the EPP evolution: quasiparticle, transient and
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Figure 2: Temporal behaviour of the maximum of the distribution function
for different field strengths E0. All other parameters as in Fig. 1.
residual. For the density (right panel) the fluctuations in the transient region
are lost. The dependence of the temporal behaviour of the maximum of
the distribution function on the field strength E0 is shown in Fig. 2. The
fluctuation region separates the quasiparticle state from the asymptotic out-
state. Since the out-state is stationary when the external field is absent, we
interprete this behaviour as a dynamical phase transition. The oscillatory
behaviour of the transient process is more complicated (see Fig. 3) in the
Figure 3: Same as Fig. 1 for the Gaussian modulated periodic field E(t) =
E0 cos (ωt+ φ) e
−t2/2τ2 , φ = 0, σ = ωτ = 5.
case of a Gaussian-modulated periodic field (7). In contrast to the Eckart
pulse scenario, one can see oscillations of the number density. Our KE is of
non-Markovian type, so one should expect to observe accumulation/ memory
effects. The typical picture of the accumulation case is presented in Fig. 4.
For long pulses (here σ = 64) the REPP distribution function has a higher
value than for short ones (here σ = 4). Moreover, the oscillation maxima form
a complicated pattern which is a manifestation of multiphoton absorption.
Similar resonance ring structures of fres(p⊥, p‖) were obtained by Otto et al.
[6].
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Figure 4: Accumulation pattern of the distribution function for the Gaussian-
modulated periodic field E(t) = E0 cos (ωt+ φ) e
−t2/2τ2 , φ = 0.
4 Conclusions
The QED vacuum can be seen as nonlinear optical medium [7]. This gives
us the chance to study its properties by optical methods. Two experimental
approaches are perspective here for EPP observation: the registration of
annihilation photons emitted from the region of EPP generation [2, 9] and the
birefrigence [8]. The existing estimations are very coarse and contradictory.
The reason for this is that the nonlinearity of the QED vacuum makes such
studies of the distribution function strongly dependent on magnitude, shape
and duration of field pulse [5]. As we have presented here, the shape of
fres(p⊥, p‖) can become complicated due to the non-Markovian and nonlinear
nature of the system.
These facts, as detailed in the present work, underline that an important
direction of further investigations is the search for acceptable approximate
methods of the EPP description.
Acknowledgment
This work was supported by University of Wroclaw internal grant num-
ber 2467/M/IFT/14. D.B. is grateful for support by the Polish Ministry of
Science and Higher Education (MNiSW) under grant No. 1009/S/IFT/14.
The authors would like to thank Prof. B. Ka¨mpfer (HZDR) for valuable
discussions and for the invitation to the Kick-off Meeting for the Helmholtz
International Beamline for Extreme Fields (HIBEF) at the European XFEL.
5
References
[1] Blaschke D. B., Ka¨mpfer B., Schmidt S. M., Panferov A. D., Prozorke-
vich A. V., Smolyansky S. A. Properties of the electron-positron plasma
created from a vacuum in a strong laser field: Quasiparticle excitations
// Phys. Rev. D. 2013. V.88. P.045017.
[2] Blaschke D. B., Prozorkevich A. V., Roberts C. D., Schmidt S. M.,
Smolyansky S. A. Pair production and optical lasers // Phys. Rev. Lett.
2006. V.96. P.140402.
[3] Blaschke D. B., Dmitriev V. V., Ro¨pke G., Smolyansky S. A. BBGKY
kinetic approach for an e−e+γ plasma created from the vacuum in a
strong laser-generated electric field: The one-photon annihilation chan-
nel // Phys. Rev. D. 2011. V.84. P.085028.
[4] Blaschke D. B., Prozorkevich A. V., Ro¨pke G., Roberts C. D., Schmidt
S. M., Shkirmanov D. S., Smolyansky S. A. Dynamical Schwinger effect
and high-intensity lasers. realising nonperturbative QED // Eur. Phys.
J. D. 2009. V.55. P.341.
[5] F. Hebenstreit, R. Alkofer, G. V. Dunne, H. Gries Momentum Sig-
natures for Schwinger Pair Production in Short Laser Pulses with a
Subcycle Structure // Phys. Rev. Lett. 2009. V.102. P.150404.
[6] Otto A., Seipt D., Blaschke D., Ka¨mpfer B., Smolyansky S. A. Lifting
shell structures in the dynamically assisted Schwinger effect in periodic
fields // Phys. Lett. B 2015. V.740. P.335.
[7] A. Di Piazza, C. H. Mu¨ller, K. Z. Hatsagortsyan, C. H. Keitel Ex-
tremely high-intensity laser interactions with fundamental quantum sys-
tems// Rev. Mod. Phys. 2012. V.84. P.1177.
[8] T. Heinzl, B. Liesfeld, K. U. Amthor, H. Schwoerer, R. Sauerbreg, A.
Wipf On the observation of vacuum birefringence // Opt. Comm. 2006.
V.267. P.318.
[9] Gregory G., Blaschke D. B., Rajeev P. P., Chen H., Clark R. J., Huff-
man T., Prozorkevich A. V., Ro¨pke G., Schmidt S. M., Smolyansky S.
A., Wilks S., Bingham R. A proposal for testing subcritical vacuum
pair production with high power lasers // J. High Energy Density Phys.
2010. V.6. P.166.
6
